How the single-celled egg is transformed through the multicellular embryo into
INTRODUCTION
The development of an embryo is a beautiful and elaborate example of the sophistication of biological systems. Beginning with a single cell, rounds of cell division build a ball of cells called the blastula that begins, using combinations of molecular cues inherited from the mother and instructive cell signals of its own, to partition itself into distinct domains. This is the beginning of the process by which cells organize into the first primitive regions of the embryo, which will in turn grow and elaborate into the growing fetus. What is most striking to the casual observer is the gradual and progressive development of a recognizable physical form of the embryo that slowly shapes itself into a small, growing animal. The development of form is called morphogenesis, and its study is both a traditional part of developmental biology and the recent focus of renewed interest, driven by the availability of new imaging methods and growing molecular insight into its mechanisms. Developmental biologists have carefully characterized the stages of morphogenesis and have identified key transitional periods: blastula, gastrula, and neurula stages, which define the form of the embryo during its development and imply the changes that might take place between them. A great deal of attention has been given to the cellular processes that might enact these changes thought to involve such processes as changes in association between cells, the migrations of cells, and the reshaping of sheets of cells. A simple question to ask is "Where do cells of a particular region of the body originate, and how do they become located as they do?" A classic way to approach such a question is to generate a fate map. A fate map is an experimental tool to explore the reorganization of cells from one stage of development to a later stage. A cell is marked at a recorded location, then it or its progeny are relocated at a later stage. If cell rearrangements are stereotypical from embryo to embryo, then a map can be constructed by repeating this many times from different recorded positions. This approach has been widely used, employing a variety of means to label the cells and varying degrees of sophistication in classifying final cell fate, ranging from scoring their location by tissue or organ or analyses of gene expression patterns.
CLASSIC FATE MAPS: HURDLES OF MOVEMENT AND RESOLUTION
In revealing the locations of cells during the morphological transition of embryo to fetus, classic fate maps have proven fundamental to our understanding of the mechanisms of cell fate determination. Indeed, the fate map of the nematode Caenorhabditis elegans (1) has revealed an almost invariant cell lineage that can be traced in its entirety from the fertilized egg to the larva. This has made possible the manipulation of individual cells to examine the consequences on development, thereby demonstrating the importance of asymmetric inheritance and the interactions between both equivalent and nonequivalent cells in instructing cell fate. However, fate maps of higher organisms, including the frog Xenopus laevis (2), mouse (3), chick (4) , and the teleost fish, zebrafish (Danio rerio) (5) , and medaka (6) (Oryzias latipes), have revealed a less determinate development, which can be attributed in part to the extent of cell movement required to orchestrate morphogenesis. Cell mixing impedes the definition of clonal boundaries. Instead, popula-
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tions of discrete fates overlap one another in the fate map, making the interpretation of tissue origins and their morphogenetic development difficult. Most illustrative of the spectrum of distortion caused by cell movement are the fate maps of Xenopus laevis and zebrafish. Despite the consistency of cell lineages, the slow mixing of muscle progenitors in the frog prevents elucidation of the origin of even the most simple muscular derivative, the somite (2,7), while cell mixing is so extensive during early embryogenesis in zebrafish that it has proven impossible to construct a reliable fate map before the onset of gastrulation (the establishment of the three principle body layers) (8, 9) . These examples reveal the inherent problems of classic fate maps: there is usually little or no direct information about how morphogenesis has occurred and, since at most only one or a few cells are analyzed per embryo, a complete map is an average view, limited in resolution by how well cell locations can be defined within the embryo. Consequently, cell movement is inferred, not measured, from a series of static snapshots. In complex organisms in which the possible routes to attain adult structure are many, this clearly compromises our ability to draw conclusions about the actual mechanisms involved. Indeed, nowhere has this lack of resolution been more evident than when considering axial patterning in the frog (10, 11) . For over a century, only the left-right and dorsoventral (back-to-belly) axes had been assigned to amphibian embryos. In an unprecedented turn of events, a series of careful lineage reconstructions in the frog evoked the reassignment of the dorso-ventral axis (10) and established, for the first time, the origin of the anterior-posterior (head-to-tail) axis (12) . The implications of these revisions are widespread, forcing the reevaluation of developmental phenotypes in a number of model organisms, including the zebrafish (11).
What has become clear then is that morphogenesis cannot be described merely in terms of translating cells from their positions in the embryo to the adult. Rather, the attainment of three-dimensional (3-D) structure is achieved by cells changing their shape, size, direction of movement, and neighbors. It will already be obvious from this cursory introduction that development is essentially a process that must be understood in both time and space. To make further progress, we must therefore adopt a dynamic, cellular-resolution approach, wherein we can follow the route of each cell in its local neighborhood from moment to moment, thereby constructing a complete record of the reorganization that has taken place over the period of development. The technological advances in microscopy and computing methods now available to biologists are not only enabling the construction of such dynamic fate maps, but also permitting far more to be learned from them. Indeed, even our understanding of the invariant embryogenesis of C. elegans has been revolutionized by the application of four-dimensional (4-D) microscopy (13) .
CONSTRUCTING DYNAMIC FATE MAPS Lineage Labels
The first step in constructing a dynamic fate map involves choosing an appropriate lineage label ( Figure  1A ). Traditional techniques such as radioisotope and fluorescent dextran labeling have typically conferred a number of disadvantages, including the sacrifice of the specimen or dilution of signal and loss of visibility due to growth. Dynamic imaging necessitates a robust, readily detectable marker that is well tolerated by the system under study and by repeated imaging. Fluorescent proteins meet all of these criteria and more. They can be readily fused to proteins-of-interest, mature rapidly, and are available in a spectrum of colors. Combinations of fluorescent proteins may be used, for instance, to simultaneously visualize cell nuclei and shape (14) . They can also become stably integrated into the germline and, with the advent of transcriptional control using GAL4 technology (15) , amplified to give strong widespread or tissue-specific expression (16) . Furthermore, the newly emerging variants that upon exposure to near UV light either become photoactivated (giving a many-fold increase in basal fluorescence) or photoconverted (causing a shift in the wavelength and consequently color of emitted light) offer a previously unforeseen precision of labeling (17) and flexibility of experimental approach. This has made the noninvasive imaging of previously inaccessible vertebrate systems, such as chick and mouse, a real possibility (18, 19) .
4-D Microscopy
Having achieved the desired combination and distribution of lineage labels ( Figure 1B) , an appropriate imaging strategy must be devised for the specimen of choice. Since even the simple nematode C. elegans takes 14 h to hatch at standard developmental temperature, it is imperative that an immobilizing culture system be used that not only withstands the dynamic rigors of morphogenesis, but also permits development to occur unperturbed. A number of such systems now exist and have been used successfully to examine the long-term development 
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of whole embryo and organ explants from a wide range of organisms, including zebrafish (20, 21) , chick (22) , and mouse (23) . All that remains then is to choose a mode of image capture that yields the cellular resolution necessary for the reconstruction of the spatial (3-D) and temporal (4-D) record of development. Modern day fate mapping relies heavily on fluorescence imaging, therefore conventional wide-field microscopy is unsuitable for most larger embryos due to the low contrast caused by out-of-focus information. This can be overcome however with confocal laser-scanning microscopy (LSM) and multiphoton LSM (24, 25) . Each image produced by a confocal and multiphoton LSM microscope is a thin optical section through the specimen. A stack, or zseries, of optical sections can therefore capture the 3-D volume at any given moment. Repeated imaging, in a timelapse mode over an extended period, captures a 3-D record of development ( Figure 1C ). The necessary frequency of sampling within and between optical stacks during this process of time-lapse microscopy is dictated by the inherent biological complexity of the organism under study and therefore influences the choice of imaging system used. The advent of spinning disk microscopy (26) and other rapid scanning methods offers an unprecedented speed and quality of image acquisition that should permit the microscopic observation of even the most challenging developmental systems.
Cell Tracking
Once a 4-D time-lapse series of development has been collected, the final step in constructing a dynamic fate map is to extract and visualize the paths and lineages of the constituent cells. This is a significant departure from single-cell fate-mapping strategies, in that many or all of the cells of a tissue or embryo may now be analyzed, in parallel, within a single embryo. The potential impact of this biological information has motivated the design of software capable of this challenging task. Indeed, in both commercial and academic sectors, tools exist to record, as determined manually by the user, the positions of individual cells and their progeny over time (13, 20, 21, 25) . This information, stored as series of Cartesian coordinates, can then be visualized and animated ( Figure  2, A-D) (20, 21, 25, 27) . However, irrespective of the system under study, as the cell number and architectural complexity increases, processing time becomes the obvious constraint in analyzing movies. Sophisticated automatic tracking algorithms have since been pioneered to overcome this significant limitation, thereby permitting the rapid analysis of morphogenesis not only within but between embryos displaying both normal and aberrant development (21, 25, 28, 29) . These algorithms exploit the specificity of targeting fluorescent fusion proteins to domains of the cell such as the nucleus or plasma membrane. Typically, the grayscale intensities of the constituent pixels are determined and thresholds calculated that permit the distinction of individual cells. Unlike cell membranes, neighboring cell nuclei exist in isolation 
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and can be individually distinguished in even the most complicated, ubiquitously labeled 3-D structures; thereby making the global analysis of morphogenesis not only possible, but reproducible, even at low magnification (21) . A further level of detail will come from analyzing the shapes of cells as they reorganize during development. While it is possible to yield cell shape data by introducing mosaic or scatter-labeling of cell membranes into such global landscapes of tagged nuclei, mechanical packing and cell and tissue interactions are better visualized at higher magnification using ubiquitous membrane labels. Such automated cell shape analysis is ongoing in our laboratory and is already providing an unrivaled resolution of the cellular processes of neural development in the zebrafish (N.L. Schultz, G.B. Blanchard, and R.J. Adams, unpublished observation).
QUANTITATIVE ANALYSIS OF DYNAMIC FATE MAPS
The description of the dynamic cell behaviors enacting embryogenesis in C. elegans revealed a far more regulative mechanism of development than had previously been anticipated. No longer were the timings and positions of cell cleavages sufficient to explain all cellular distributions. Instead, the movements of individual cells, sometimes the full length of the embryo, were seen to contribute significantly to the attainment of form (13) . This suggests that once in full possession of the tracked data, it should be possible to directly measure normal movements and, perhaps more significantly, any deviations from them, thereby permitting a quantitative analysis of the morphogenesis taking place. Since the reconstructed data describes precisely the paths taken by each constituent cell, one can examine cell behaviors occurring both locally and globally within and between tissues. In addition, as the automation of image capture and analysis readily permits the collection of multiple data series, statistical validation can be performed to construct robust models of development. We recently presented a quantitative analysis of vertebrate forebrain neurulation that reveals new insight into its development (21) . The paths of many hundreds of cells comprising the forebrain regions of animals displaying both normal and defective morphogenesis were tracked (Figure 2, A-C) . The fluorescent signal of the lineage label was used to model the shape of the embryonic surface and consequently predict the embryonic centroid. Using this information, the radial depths of individual cells within the embryo were calculated (Figure 2E) , and the physical distances between distinct cell populations were assessed by virtue of the angles subtended between them and the centroid ( Figure 2F ). In this way, the transition of the neural architecture from a two-dimensional (2-D) sheet to a 3-D brain could be explained in terms of its intrinsic geometry, and more importantly, in the case of the disease models, the identity, locale, and behavior of those cells enacting erroneous morphogenesis could be characterized for the first time. A significant outcome of this analysis was the demonstration of how the velocity gradients of cells and their immediate neighbors could be used to compute the deformation rates of entire tissues. The vectorial solutions disclosed the principle directions and magnitudes of deformation, expressed either as a contraction or expansion of the tissue. Strikingly, in addition to confirming the physical location of the future ventral cells of the forebrain, this analysis also identified a prerequisite period of contraction necessary to shape the 2-D precursor cell sheet of the forebrain and, furthermore, in a model of defective forebrain morphogenesis, directly attributed the failure to incorporate appropriate cell populations within the forebrain to an attenuated period of convergence of lateral cells toward the incipient forebrain midline (21) . Above all then, what is inherent from this work is that quantitative analysis is the first step toward creating a truly biomechanical understanding of the integrated mechanisms of development.
CONCLUSIONS
Dynamic fate maps provide an unprecedented resolution of cell movement and behavior during development. As a consequence of the speed and precision of automated tracking algorithms, previously unforeseen margins of variability within different embryos of a species are now becoming apparent. Furthermore, the amenability of tracked data to rigorous quantitative analysis is permitting, for the first time, the evaluation and comparison of mechanisms of normal and aberrant development in complex vertebrate systems. The future promise of routine analysis across species therefore makes the likelihood of solving one of nature's greatest conundrums a tantalizing prospect.
